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ANNUAL REPORT DATE: 21 NOVEMBER, 1989

CONTRACT N00014-89-J-1167, R&T CODE 441 N012-01

PRINCIPAL INVESTIGATOR: Dr. Michael E. Hogan

CONTRACTOR: Baylor College of Medicine

CONTRACT TITLE: The Design of Oligonucleotides Which Attack
Specific Gene Targets

START DATE: DECEMBER 1988

RESEARCH OBJECTIVE: To study the site selectivity of triplex-
forming oligonucleotides (TFOs) under physiological conditions of
salt and pH, employing a combination of molecular modeling and
physical experimentation to define the rules which determine site
selective oligonucleotide binding. That understanding will be used
to design molecules with the capacity to bind to discrete gene
targets in the nucleus of an intact cell.

SUMMARY OF WORK PLAN FOR THE NEXT YEAR OF SUPPORT:
Based upon molecular modeling, chemical and biochemical

analysis and NMR, our plan is to refine the rules of triplex
formation (including those with modified bases). We are
particularly interested to evaluate the role of nearest neighbors:
ie, to consider target sites in terms of three base pair segments
and to begin to evaluate the efficacy of non-standard nucleotide
substituents.

The second goal is to begin to use TFOs as reagents to induce
site-selective gene destruction at two DNA targets: the HPRT gene
and the control region of the human epidermal growth factor
receptor (EGFR).

The HPRT gene was chosen because it is X linked, and therefore
haploid in the (male) cells under study. After cells are treated
with the eosin conjugate and irradiated (our AR+ laser), mutant
cells will analyzed by the standard positive HPRT selection
methods. The DNA region of interest in the resulting HPRT- mutants
will be expanded and sequenced by PCR, to confirm that damage has
been targeted to the site of triplex formation.

The EGFR gene has been chosen because its promotor domain
assumes a DNaseI hypersensitive configuration which is associated
with genes which have been activated for the purpose of U
transcription. It has also been chosen because the functional state 0
of the gene is easy to assess in a cultured cell line (A431
carcinoma). ,, -\

SUMMARY OF RECENT RESEARCH PROGRESS: -

STRUCTURE AND STABILITY DETERMINATION IN VITRO.
We have synthesized a set of triplex-forming oligonucleotides and



a complementary set of duplex target sites for the purpose of
defining the base composition dependance of triplex formation. Some
of those data are presented at the end of this section. Triplex
formation has been studied by the band shift method, DNaseI
footprinting and most recently by direct photochemical mapping of
dye-oligonucleotide conjugates. For the purpose of the
photochemical analysis, we have modified published procedures for
affixing primary amine linkers to the 3' and 5' termini of
oligonucleotide reagents, which we use as the site of attachment
of isothiocyanate moieties: the isothiocyanates of eosin,
fluorescein, pyrene and tetramethyl rhodamine. A new dye conjugate
chemistry, which promises to be superior to these, is under
investigation (see below).

As described in the biannual report, based upon those initial
studies, we have significantly refined our understanding of triplex
formation. Below, we list our current understanding of the "rules".

Rule 1. Define a binding site domain. In general, the stability of
triplex formation increases monotonically with the length of the
binding domain. At present, binding sites in the 25-35 base pair
range appear to be optimal, base upon consideration of cell uptake,
stability and synthetic considerations.

Rule 2. Define the gross purine/pyrimidine symmetry of the binding
site. We define the more purine rich of the two strands of the
binding site as the "orienting" strand. As seen from preliminary
data in our laboratory (at the end), triplex formation is most
stable on targets where the orienting strand is purine rich: but
the rate of stability decrease with respect to decreasing purine
content is relatively modest. Several of the targets we have
studied fall into a target class which is best described as having
an orienting strand with a "purine rich" end abutting a "pyrimidine
rich" end (ie, the IL2R target). In the context of our current
understanding, the triplex which results from oligonucleotide
binding to such sites may develop a structural discontinuity at the
border between the two sub-domains within the target sequence.

Rule 3. Previous work had suggested that a TFO is best designed so
that it can bind throughout the major groove of the target with its
backbone parallel to that of the orienting strand. However, during
the past year we have shown that the preference may not be large
and may itself be dependent on sequence details of the target.
Several examples of that novel effect are displayed below as
preliminary results.

Rule 4. In either the parallel or antiparallel orientation, place
G in the triplex-forming oligonucleotide in opposition to a GC base
pair in the target (thereby forming a GGC triplet) and a T in
opposition to an AT base pair (to form the TAT) triplet. Such local
triplet bonding schemes give rise to H bonding between the triplex
forming oligonucleotide and the purine of the underlying Watson
Crick base pair. Such bonding is likely to be of the Hoogsteen or
reverse Hoogsteen type, depending on sequence context; ie G-G and
T=A bonding respectively. The plan during year two is to use 2D NMR



methods to determine if that degree of conformational freedom is
actually being employed.

Formation of such "external" bonds occurs through the major
groove of the helix, and does not significantly alter the
underlying target duplex. Work is in progress to determine if there
are target sequences which produce exceptions to the above simple
G=GC and T=AT rule (such as the junctional domain of a bifurcated
target site, see above). Work is also in progress to determine if
chemical moieties can be found which are superior to T and G in
terms of the capacity to H bond in this way.

For the c-myc target site (Fig. 1), the antiparallel triplex
is preferred under all conditions tested thusfar: to the extent
that, if a TFO is designed so as to bind parallel, the antiparallel
complex will form at the expense of several mismatches in the bound
complex.

For the interleukin 2 receptor alpha chain target, the
distinction is less pronounced: both the parallel and antiparallel
triplex have similar stability, but with the apparent dissociation
constant for formation of the antiparallel triplex which is
approximately ten times that of the TFO isomer designed to bind
parallel.

Because the physical composition of the myc and IL2R targets
are quite different, we are reasonably sure that the observed
parallel/antiparallel distinction is not a simple property of GC
content. Work is in progress to understand the origin of the
orientational preference. Recent data of that kind, derived from
triplex formation within the epidermal growth factor receptor and
insulin receptor gene promotors (Fig.1) will be useful in that
regard.

At present, we believe that this aspect of triplex formation
is ambiguous enough that we have begun to synthesize both the
parallel and antiparallel isomers to any interesting target.

In order to rationalize the observed equivalence of the
parallel and antiparallel triplex, we have begun a comprehensive
program of NMR and molecular modeling, in collaboration with Dr.
B. Monte Pettitt of the University of Houston Institute for
Molecular Design. The goal of this project is introduce selected
distance information derived from NOESY spectroscopy into CHARM,
thereby constraining the range of solutions to the structure
refinement process. This program of NMR and modeling refinement is
a major component of the work to be performed in the next year.

TFO BINDING WITHIN THE NUCLEUS
Our bias is that DNA in chromatin is a fundamentally different

cellular target than is "naked DNA". Therefor, to understand to
gene selectivity of TFO binding in a context which has functional
importance, it is necessary to devise methods to study TFO binding
selectivity in an intact nucleus. To achieve that end, we have
chosen to synthesize TFO conjugates with DNA photocleavage
reagents, so that, when paired with DNA hybridization methods, TFO
binding in the nucleus can be assessed from the resulting pattern
of laser induced DNA cleavage.

During the past year, we have established two test systems to
begin analysis of gene-specific DNA damage in a living cell: one



to assess TFO-induced damage genetically within a coding region;
the second to detect TFO-induced damage within a gene control
region. We have determined that the human HPRT gene is well
suited as a target for the genetic approach and in collaboration
with Tom Wilson's laboratory (Baylor Biochemistry) we have begun
to study triplex-induced photochemical damage within the first exon
of the gene. To date, we have fabricated eosin-oligonucleotide
conjugates (and fluorescein and rhodamine conjugates as controls),
have measured their binding affinity to the exon 1 target site and
have confirmed (by fluorescence microscopy) that these water
soluble dyes form conjugates which are transported efficiently into
the sarcoma cell line which is being used as a test system.
Intracellular analysis of TFO binding to the HPRT exon 1 (as
determined genetically) will begin after the first of the year.

To assess TFO binding within a promotor region, we have chosen
to study the human EGFR gene because it assumes a "classical"
DNaseI hypersensitive chromatin structure within a 200bp domain
within has been determined to contain the prominent control
elements for the gene. To date, we have obtained cloned DNA
(pER9GEM3) corresponding to the promotor region from the laboratory
of origin (Dr. Glenn Merlino NCI), have designed and synthesized
mg quantities of TFOs to several sites in the EGFR promotor and
have measured their site selectivity in vitro (Fig. 1). As seen in
Fig. 1, the EGFR-specific TFOs display high affinity ( dissociation
constants in the nanomolar range) for their respective target
sequence under more-less physiological conditions.

A341 carcinoma cells have been established in culture in the
laboratory of our collaborator M.Duvic (U. of T Health Sciences
Center) and are ready for TFO uptake analysis and for photochemical
mapping, which will begin immediately. The goal of those
experiments is to perfuse dye-TFO conjugates into A431 cells,
irradiate in situ at 500nm, then extract DNA then analyze the
resulting strand break distribution at 10 base resolution by
hybridization methods. High resolution determination of TFO binding
to the EGFR control region (as compared to its specificity with
naked DNA) is a major goal of the work for the next year of
support.

NEW CLASS OF DYE-TFO CONJUGATE
very recently, we have begun to exploit what we believe will

prove to be a much superior dye probe for such oligonuvleotide
coupling: a modified methyl propidium derivative (carboxy methyl
propidium CMP), first described as a bisintercaltor by Dervan (1)
then as an affinity chromatography reagent by the BPF. group (2).
As we have shown recently for ethidium (3), a close homologue of
methyl propidium, the dye engages in an efficient, stoichiometric
DNA cleavage reaction when irradiated at 500nm with an Ar+ ion
laser.

At the end (Fig. 2), we describe the chemistry employed to
affix CMP to triplex forming oligonucleotiL'es and the DNA
photocleavage properties of the dye. Like ethidiuni, the CMP moiety
is useful in that in the uncoupled state, it is not transported
into cells. Moreover, the dye displays little fluorescence until
bound to a duplex DNA target. Together, those properties suggest



that fluorescence microscopy can be used to monitor the kinetics
of CMP-oligonucleotide uptake into the nucleus.

A major scientific goal during the next year of support will
be to use CMP-TFO conjugates as DNA photocleavage reagents and as
a tools to monitor the mechanism of TFO uptake into the nucleus.
NON-STANDARD NUCLEOSIDE SUBSTITUENTS

Our bias is that the naturally occurring DNA bases may be a
relatively poor solution to the triplex design problem. As
described in the biannual report, we have contracted Glenn research
Inc. to prepare 1 gram of the beta cyanoethyl phosphonate
derivative of xanthine, based upon the suspicion that it may be
much better than T as a component of a triplex-forming
oligonucleotide. To date, they have not successfully completed the
synthesis in sufficient yield. During the next year of support, the
xanthine derivatives will be tested in the c-myc class of TFO, as
the triplex complement to AT base pair sites in the duplex target.

INVENTIONS (YEAR 1): Baylor filed a patent in December, 1988 on the
application of the triplex technology in a pharmaceutical context.
Navy-funded work had not yet been performed.

PUBLICATIONS & REPORTS: Two papers are in preparation. A book
chapter has been published and is included. Hogan recently
presented some of the triplex work at the NCI conference:
"Oligonucleotides as Antisense Inhibitors of Gene Expression:
Therapeutic Implications", Rockville MD, 6/89. Hogan has also been
asked to discuss triplex-forming oligonucleotides at the MD
Anderson Cancer Center (January), Duke and University of North
Carolina, Chapel Hill (March) and at the upcoming Jerusalem
Symposium " Molecular Basis of Specificity in Nucleic Acid-DNA
Interaction", Jerusalem, May, 1990.

TRAINING ACTIVITIES: One post doctoral fellow, Ross Durland, is
supported from the contract.

LITERATURE CITED:

1. P.B. Dervan & M.M. Becker (1978) J.A.C.S. 100:1969-1970
2. J.D. Hardy etal (1989) Nucl. Acids Res. 17:6950-6955
3. G. Krishnamurthy et al (1989) Biochemistry, in the press.



Figure 1. Equilibrium Binding Data for Triplex Formation.

Data have been accumulated at 37C in a standard binding
buffer, comprising: 20mM Tris/HCl, pH 7.8, 5mM MgCl, 5mM spermine.
We have found that this assay system optimizes binding for TFOs
designed as described above. It should be noted that this buffer
is quite "physiological" in its composition in that most DNA
restriction enzymes and polymerases retain high activity in this
assay buffer. Below, data have been catalogued by gene target. In
each instance, the dissociation constant has been measured by
electrophoresis, monitoring the binding of radiolabelled TFO to
unlabelled cloned DNA target sites (binding is manifest as co-
migration of the TFO as the triplex through a gel matrix). Under
those conditions, nonspecific binding to sequences other than the
target has not been detected in any test system thus far.

I. THE C-MYC PROMOTOR
Inappropriately high levels of c-myc gene expression are

strongly associated with the incidence of a variety of human
tumors. Numbering of the duplex target site is relative to the
principal mRNA start site.

-153 -99
5'-TCTCCTCCCCACCTTCCCCACCCTCCCCACCCTCCCCATAAGCGCCCCTCCCGGG-3'
3'-AGAGGAGGGGTGGAAGGGGTGGGAGGGGTGGGAGGGGTATTCGCGGGGAGGGCCC-5'
5'-GTGGTGGGGTGGTTGGGGTGGGTGGGGTGGGTGGGGT-3' GT37anti

Target function. The principal activating protein binding site
of the c-myc gene promotor.

Kdiss - 5x10-10 molar in TFO equivalents.

II. THE EGFR PROMOTOR
Inappropriately high expression of the epidermal growth factor

gene (EGFR) has been implicated as crucial to the development of
cancers and several skin diseases (psoriasis). Numbering of the
duplex target site is relative to the principal mRNA start site.

-109 -83
5'-TCCGCCGAGTCCCCGCCTCGCCGCC-3'
3'-AGGCGGCTCAGGGGCGGAGCGGCGG-5'
3'-TGGGGGGTGTGGGGGGGTGGGGGGG-5' EGFRlp
5'-TGGGGGGTGTGGGGGGGTGGGGGGG-3' EGFR1ap
Target function: SPI binding site.

Kdiss > lx1O-6 molar: ie not detectible as yet, for either isomer
up to 10-6M of added target duplex.



-307 -281
5'-TCCCTCCTCCTCCCGCCCTGCCTCCCC-3'
3'-AGGGAGGAGGAGGGCGGGACGGAGGGG-5'
3'-TGGGTGGTGGTGGGGGGGTGGGTGGGG-5' EGFR2p
5'-TGGGTGGTGGTGGGGGGGTGGGTGGGG-3' EGFR2ap
Target function: SPi binding site.

EGFR2ap
Kdiss = 5x10-8 molar in TFO equivalents.
EGFR2p
Kdiss > 1x10-6 molar; ie, not detectible at 10-6M of target duplex.

-352 -318
5'-TTCTCCTCCTCCTCTGCTCCTCCCGATCCCTCCTCC-3'
3'-AAGAGGAGGAGGAGACGAGGAGGGCTAGGGAGGAGG-5'
3'-TTGTGGTGGTGGTGTGGTGGTGGGGTTGGGTGGTGG-5' EGFR3p
5'-TTGTGGTGGTGGTGTGGTGGTGGGGTTGGGTGGTGG-3' EGFR3ap
Target function: SPi binding site

EGFR3ap
Kdiss = 1x10-8 molar in TFO equivalents.
EGFR3p
Kdiss > 1x10-6 molar; ie, not detectible at 10-6M of target duplex.

-363 -338
5'-TTCTCCTCCCTCCTCCTCGCATTCTCCTCCTCCTCT-3'
3'-AAGAGGAGGGAGGAGGAGCGTAAGAGGAGGAGGAGA-5'
3'-TTGTGGTGGGTGGTGGTGGGTGGGTGGTGGTGGTGT-5' EGFR4p
5'-TTGTGGTGGGTGGTGGTGGGTGGGTGGTGGTGGTGT-3' EGFR4ap
Target function: Nuclease sensitive domain required for EGFR

expression.
EGFR3ap
Kdiss = ix10-8 molar in TFO equivalents.
EGFR3p
Kdiss > 1x10-6 molar; ie, not detectible at 10-6M of target duplex.

III.MOUSE INSULIN RECEPTOR
The mouse insulin receptor has been chosen for study because

of the similarity between its promotor domain and that of EGFR and
because the function of the IR gene is particularly easy to study
in vitro.

-200 -161
5'-GGGGGAAAGGGGCCGAGGAGGCGAGGAGGCGAGGAGGC-3' TARGET
3'-CCCCCTTTCCCCGGCTCCTCCGCTCCTCCGCTCCTCCG-5' SITE
3'-GGGGGTTTGGGGGGGTGGTGGGGTGGTGGGGTGGTGG-5' IRlap
5'-GGGGGTTTGGGGGGGTGGTGGGGTGGTGGGGTGGTGG-3' IRlp
TARGET FUNCTION: Upstream region with similarity to SPI domain in
human allele.
IRlp
Kdiss - 1x10-8 molar in TFO equivalents.
IRlap
Kdiss - 5x10-8 molar



-137 -99
5'-CCTCCCCGAGCTCTGCTGGCTTTCTCCCCCTCCCCCCCC-3' TARGET
3'-GGAGGGGCTCGAGACGACCGAAAGAGGGGGAGGGGGGGG-5' SITE
3'-GGTGGGGGTGGTGTGGTGGGTTTGTGGGGGTGGGGGGGG-5' IR2 par
5'-GGTGGGGGTGGTGTGGTGGGTTTGTGGGGGTGGGGGGGG-3' IR2 anti
TARGET FUNCTION: Upstream region with TC repeats, in human & mouse
IRlp
Kdiss = 1x10-7 molar in TFO equivalents.
IRlap
Kdiss = 5x10-7 molar

IV. INTERLUKIN 2 RECEPTOR, ALPHA CHAIN
The interleukin 2 receptor is a crucial element in the T cell

response to antigens. As such, reagents which interfere with the
expression of the IL2R alpha subunit gene may have usefulness as
antirejection agents: "son of cyclosporin". Below we list a family
of TFO reagents which have been targeted against important sites
within the control region of IL2R. Numbering of the duplex target
site is relative to the principal mRNA start site.

-273 -224
5'-CAACGGCAGGGGAATCTCCCTCTCCTTTTATGGGCGTAGTGAAGAAAGGA-3'
3'-GTTGCCGTCCCCTTAGAGGGAGAGGAAAATACCCGCATCACTTCTTTCCT-5'

3'-TGTGGGTGTGGTTTTTTGGGGGTTGTGTTGTTTGGT-5' IL36par
5'-TGTGGGTGTGGTTTTTTGGGGGTTGTGTTGTTTGGT-3' IL36anti

3'-TTGGGGTGGGGTTTGTGGGTGTGGTTTT-5' IL28par
5'-TTGGGGTGGGGTTTGTGGGTGTGGTTTT-3' IL28anti
3'-TTGGGGTGGGGTTTGTGGGTGTGGTTTTTTGGGGG-5' IL35par
5'-TTGGGGTGGGGTTTGTGGGTGTGGTTTTTTGGGGG-3' IL35anti

TARGET FUNCTION:The NF Kappa Beta protein factor binding site,
which is the principal tissue specific activator of the alpha chain
of IL2R. Several solutions have been listed, to account for the
parallel/antiparallel homology and to account for uncertainty as
to the breadth of the NFKB binding domain.
IL28ap
Kdiss = 1x10-7 molar in TFO equivalents.
IL28p
Kdiss = 2x10-6 molar.



jure 2. Coupling Chemistry to Form CMP-TFO Conjugates.
We have found that this CMP chemistry can be employed as a

i pot" reaction. At reactant concentrations >1mM, the final
)ling step appears to be quantitative at a 1:1 dye:TFO ratio,
issessed by absorbance spectroscopy and by analytical TLC.
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